By using far-infrared laser spectroscopy we have studied the temperature dependence of the absorption that is due to transitions between the F( 2 E) and 2A( 2 E) levels of excited Cr 3 + ions in ruby. From the temperature dependence of the linewidth we determined the inhomogeneous and the homogeneous contributions to line broadening. From the homogeneous width the lifetime of the 2A level was obtained. We found that, for temperatures up to 70 K, the lifetime is due mainly to one-phonon relaxation, whereas at higher temperatures another relaxation process, probably a two-phonon Raman process, becomes strong.
By using far-infrared laser spectroscopy we have studied the temperature dependence of the absorption that is due to transitions between the F( 2 E) and 2A( 2 E) levels of excited Cr 3 + ions in ruby. From the temperature dependence of the linewidth we determined the inhomogeneous and the homogeneous contributions to line broadening. From the homogeneous width the lifetime of the 2A level was obtained. We found that, for temperatures up to 70 K, the lifetime is due mainly to one-phonon relaxation, whereas at higher temperatures another relaxation process, probably a two-phonon Raman process, becomes strong.
The spin-phonon interaction between the excited states E( 2 E) and 2A( 2 E) of Cr 3 + ions in ruby, which have an energy separation of 29 cm-, has been the subject of various studies. Blume et al. l reported an approximate calculation of the spin-lattice relaxation time T 1 (3 X 10-10 sec) for the 2A -E one-phonon relaxation, and Rives and Meltzer 2 concluded from a fluorescence experiment that T 1 may be larger than the theoretical value by a factor of 3-4. We report on a spectroscopic study using a far-infrared technique that allows us to determine T 1 from the temperature dependence of the E -2A absorption line.
We point out that the spin-phonon interaction of 29-cm-1 phonons with excited Cr 3 + ions is of importance in phonon spectroscopy, in which phonons are detected by E -2A transitions and generated by 2A -E spontaneous or stimulated relaxation processes and where resonance trapping of phonons occurs by subsequent E -2A emission and absorption processes. 3 The principle of our experiment is shown in Fig. la .
As a source of far-infrared (FIR) radiation, a HCN laser emitting radiation at an energy of 29.7 cm-' is used. In a magnetic field parallel to the crystalline c axis, the E and 2A levels are split, and the FIR-laser radiation is resonant with respect to the E_ -2A+ transition at a magnetic-field strength B = 0.5 T and to the E_ -2A_
transition at B = 2 T. When the E levels are populated by optical excitation of the crystal, absorption of FIRlaser radiation occurs at these magnetic fields. By tuning the field, one can determine the shape and the width of the FIR absorption line. We have performed our experiment on a crystal 4 containing 0.05 wt % Cr 2 O3-
In an earlier experiment 5 the same method was applied to determine the linewidth of the E -2A absorption line for A1 2 0 3 crystals that contained different concentrations of Cr 2 O 3 . In this experiment the sample was cooled by superfluid helium. For our new experiment we constructed a sample mount that allowed us to remove from the crystal at high temperature a large amount of heat that was caused by the optical pumping. Strong optical pumping was necessary because the FIR absorption cross section for the E -2A transitions is small. To reach a relatively large FIR absorption, we performed the experiment on a long crystal (5 mm X 5 mm X 15 mm). The crystal was placed in the center of a superconducting magnet that had a large homogeneous field region. Part of the experimental arrangement is shown in Fig. lb . The ruby crystal is mounted in a vacuum chamber that is surrounded by liquid helium. The crystal is in weak thermal contact with the cool walls of the chamber by means of a steel tube that can be heated electrically. With this arrangement the temperature of the optically irradiated crystal could be varied from 10 K to temperatures above 100 K. The crystal temperature, which was higher than the temperature of the sample mount because of the optical 2) the linewidth has doubled in comparison with the width at low temperature. The absorption at 60 K is much smaller than at 17 K because the F and 2A levels become more and more nearly equally populated with increasing temperature. The absorption curves in Fig.  2 are obtained at concentrations of excited Cr3+ ions in the E_ state of about 3 X 1017 cm-3. We estimate that the absorption cross section in the line maximum is-uo -2 X 10-19 cm 2 at low temperature.
The value of uO decreases with increasing temperature, corresponding to the line broadening. We point out that we found no dependence of the linewidth on the strength of the optical excitation. In addition to the experimental curves, Lorentzian and Gaussian line profiles are indicated in Fig. 2 . At low temperatures, a line shape between a Lorentzian and a Gaussian profile is obtained, whereas at high temperature the line shape becomes almost Lorentzian.
We have also performed absorption measurements for the transition E_ -2A_ at 2 T. We found that this transition has the same oscillator strength as the E_ -2A+ transitions and that the linewidths (in the frequency scale) are also the same. The experimental results of the linewidth measurements are summarized in Fig. 3 . At low temperatures (up to 30 K) the linewidth is almost constant, and it increases at higher temperatures. At our highest temperature (100 K) the width has increased by a factor of 4 compared with the value at low temperature. Our experimental results suggest that the linewidth of the E -2A transition is due partially to homogeneous broadening and partially to inhomogeneous broadening. The line shape can be described well by a Voigt profile with the linewidth
where AVL and AvG are the Lorentzian and Gaussian contributions to the actual width. We attribute the Lorentzian contribution of the line broadening to lifetime broadening of the 2A level that is due to 2A -E one-phonon spin-lattice relaxation. For this process the temperature dependence of the homogeneous linewidth is given by the expression
where Av 0 is the homogeneous linewidth at zero temperature and Ii is the thermal occupation number of 29-cm-1 phonons stimulating the 2A -E relaxation processes. The thermal phonon occupation number is given by the Bose distribution 7T = [exp(AE/hT)
The solid curve shown in Fig. 3 is obtained for Ar 0 = 350 MHz and AV'G = 400 MHz. With these values the experimental Voigt profile at low temperature can be described, and, moreover, the experimental temperature dependence is described well up to a crystal temperature of about 70 K. Our results suggest therefore At temperatures above 70 K the experimental linewidth increases faster with increasing temperature than expected for a one-phonon process described by Eqs.
(1) and (2). Our result indicates that an additional broadening mechanism occurs at high temperatures. We guess that the additional broadening is due to 2A E relaxation by phonon Raman processes. Assuming a T 7 dependence for the broadening, as expected for two-phonon Raman processes, the observed onset of the Raman process seems to be consistent with values of the linewidth of the E -21 transition measured at high temperatures (above 130 K) by Raman spectroscopy. 9 We note that in an earlier experiment on the same crystal FIR-induced fluorescence was studied' 0 and that it was concluded that the linewidth Arv of the E -2A transitions at low temperature was smaller (by 30%) than the value reported here. However, it was recently found that the apparent discrepancy is due to phonon bottleneck effects occurring in the fluorescence experiment. 3 It is known from measurements of the spin-lattice relaxation of the E state by Orbach processes through 2A states that the 2± -> E, relaxation time has a value of T+_ = 15 X 10-9 sec."' It follows therefore from our experiment that the 2A± -> E± relaxation time has a value of T++ = T+.T 1 (T+. + TO)-1 = 0.5 X 10-9 sec (±10%). The ratio T++/T+_ = 30 is in quite good agreement with the theoretical value of 50.1 Our experiment confirms, therefore, that for phonon transitions spin-flip transitions are much weaker than nonspin-flip transitions. The experiment shows, on the other hand, that for electromagnetic transitions, spinflip and non-spin-flip transitions have equal oscillator strengths. This indicates that these transitions are electric-dipole transitions. There exist, however, no calculations of the electric-dipole transition probabilities for the E -> 2A transitions in ruby.
